The electrochemical performances of nanoscale LiFePO 4 and Li 4 Ti 5 O 12 materials are described in this communication. The nanomaterials were synthesized by pyrolysis of an aerosol precursor. Both compositions required moderate heat-treatment to become electrochemically active. LiFePO 4 nanoparticles were coated with a uniform, 2-4 nm thick carbon-coating using an organic precursor in the heat treatment step and showed high tap density of 1.24 g/cm 3 , in spite of 50-100 nm particle size and 2.9 wt% carbon content. Li 4 Ti 5 O 12 nanoparticles were between 50-200 nm in size and showed tap density
Introduction
The next generation of Li-ion batteries for consumer electronics and for automobile applications (electric vehicles (EVs) and hybrid electric vehicles (HEVs)) have to provide benefits of cost, safety, rate capability, and environmental compatibility.
In this regard, LiFePO 4 and Li 4 Ti 5 O 12 are promising active materials for positive and negative electrodes, respectively.
1-4 LiFePO 4 shows a specific capacity of 170 mAh/g with a flat discharge-charge profile at 3.4 V vs. Li, which makes it compatible with most commonly used electrolytic solutions. 1-2 Li 4 Ti 5 O 12 is a zero strain material (no volume change on lithiation/delithiation) with a flat discharge-charge profile at 1.55 V vs. Li and a specific capacity of 175 mAh/g. [3] [4] However for practical applications, both compositions are limited by their inherent low electronic conductivity. Several different approaches have been proposed to overcome this barrier. One is particle size reduction into the nano-regime, resulting in shorter diffusion distances; a second is carbon coating LiFePO 4 particles to enhance surface electronic conductivity; and a third controversial one is doping with aliovalent cations to enhance the bipolar conductivity of LiFePO 4 particles. [5] [6] [7] Li 4 Ti 5 O 12 is a poor electronic conductor which on lithiation shows good electronic conductivity on the particle surface due to presence of mixed Ti 4+ /Ti 3+ valence;
during delithiation the reversal is expected which would result in poor electronic conductivity on particle surface. To improve rate performance of Li 4 Ti 5 O 12 , doping with aliovalent cations to improve bulk electronic conductivity and particle size reduction to reduce diffusion distance has been suggested. [8] [9] [10] In this paper, we explore the particle size reduction route for LiFePO 4 X-ray diffraction (XRD) powder patterns of materials were collected using a Rigaku Miniflex diffractometer and analyzed using JADE software (MDI). The particles were analyzed using scanning electron microscopy (SEM, Hitachi S-4100) and transmission electron microscopy (TEM, JEOL JEM-2010). Brunauer-Emmett-Teller (BET) specific surface areas were measured using a Micromeritics TriStar 3000 gas absorption analyzer. Tap-densities and pellet-densities of the samples were measured using in-house built equipment. Fourier Transform infrared (FTIR) and Raman spectra were collected using a Perkin Elmer-Spectrum 2000 and an integrated confocal Raman microscope system, "Labram," made by ISA Group Horiba, as previously described, 11 respectively. The carbon content of the samples was analyzed using combustion infrared detection according to ASTM E 1019-03. Battery testing was carried out at room temperature using an Arbin BT/HSP-2043
cycler. LiFePO 4 half-cells were charged (delithiated) at a current density equivalent to a constant C/25 rate (assuming a theoretical capacity of 170 mAh/g) and then subjected twice to current discharges at C/25, C/5, C/2, C, 2C, 3C, and 5C rates. Li 4 Ti 5 O 12 halfcells were studied for rate capability in both discharge and charge mode: cells were discharged (lithiated) at constant C/25 rate (assuming a theoretical capacity of 175 mAh/g) and then subjected twice to current charges at C/25, C/5, 5C, and 10 C rates, and were subjected to extended constant current cycling either before or after the rate studies.
Results

Physical Characterization
The XRD pattern of LiFePO 4 after heat-treatment is shown in Figure 1 . The peaks could be indexed to the olivine structure (space group Pnma) and Rietveld analysis
showed that the samples are > 98 wt% phase purity with lattice volumes of 291.2±0.1 Å 3 .
Specific surface area values range between 12-30 m 2 /g and the carbon content is between 2-4 wt.%. In spite of the high surface area and presence of carbon, the particles have high tap densities of 1.2-1.6 g/cm 3 and pellet densities of 1.7-2.0 g/cm 3 . This can be attributed to the uniform, loosely sintered, spherical 50-100 nm particles formed during the pyrolysis process, as shown in Figure 2 . High resolution images reveal a 2-4 nm thin coating on the surface of particles with a structure different than the crystalline core. The layered surface coating has a structure similar to turbostratic carbon with the basal planes of graphene layers curved along the particle surface; moreover, the coating appears to be uniform and continuous on the nanoparticle surface. In comparison, other polymericprecursors typically result in thicker, non-uniform, amorphous coatings and may not be as effective for coating nanosized particles for the same carbon content and tap density.
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The Raman spectrum of a LiFePO 4 sample, as shown in Figure 3 , is dominated by bands characteristic of disordered carbons, most prominently the G (graphene) peak near 1590 Figure 5 ; the sample is composed of loosely sintered, faceted 50-200 nm particles. The particles have a tap density of 0.8 g/cm 3 and a pellet density of 1.7 g/cm 3 .
Electrochemical Characterization
Typical discharge curves as a function of current density for a Li/carbon-coated nano-LiFePO 4 half-cell (Powder A: 27 m 2 /g (equivalent sphere = 63 nm), 2.9 wt% C) are shown in Figure 6 . No adjustments in specific capacity are made to compensate for the weight of the carbon. The profile at low discharge rates consists of a flat domain at 3.4 V, corresponding to the two-phase reaction LiFePO 4 ↔ FePO 4 + Li + + e -. Specific capacities achieved during early cycles were 150, 147, 138, and 117 mAh/g at C/25, C, 5C, and 10C rates, respectively. Stable performance was observed for 70 cycles, with retention of 99% and 92% of C/25 discharge-capacity at C and 5C, respectively, as shown in Figure 7 .
A graphical summary of results for several of the LiFePO 4 samples is given in Figure 8 , in the form of a modified Peukert plot, where capacity is plotted vs. C-rate. The rate performance of five other LiFePO 4 powders is also included. Powder B is a nanostructured powder (13 m 2 /g, 127nm) without carbon-coating; however, 1.6 wt% loose carbon is present from the pyrolysis step, rather than from carbon-coating on the surface of the particles. Powder C (15 m 2 /g, 111 nm) is also a nanostructured powder but has a broad particle size distribution and 2.6 wt. % carbon coating. Powder D (6 m 2 /g, 278 nm) is a powder using the same starting powder as Powder A; however, minimal amount of organic precursor was used to ensure high phase purity resulting in 0.6 wt% carbon coating. All four powders have greater than 98 wt.% phase purity and lattice volume of 291.2±0.1 Å 3 .
The organic precursor provides two functionalities in the synthesis process: firstly, a minimal amount of organic precursor is required to avoid impurity phases during firing (including Li 3 Fe 2 (PO 4 ) 3 , Li 3 PO 4 , and Fe 3 O 4 ) and secondly, the organic precursor controls the excessive particle size growth on heat-treatment (as in the case of Powder D which has minimal amount to ensure high phase purity, albeit resulted in four times larger particle size compared to Powder A). However, the minimal amount of organic precursor used in Powder D is not expected to result in a uniform carbon-coating. Powder B is different in that respect to Powders A, C, and D as it is a high surface area and high phase purity powder without a carbon-coating (and without the use of organic precursor).
Powder B was synthesized by modifying the pyrolysis recipe to incorporate carbon in the nanoparticles which aided in the heat-treatment step. Thus, the carbon in Powder B is rather in a loose form in comparison to a carbon-coating in Powders A, C, and D. Powder D with the largest particle size and lowest carbon content, among the samples in the current study, showed the worst rate performance with <80 mAh/g at all C-rates as shown in Figure 8 . Powder B showed good rate-performance owing to its nanostructured particle size distribution, albeit with a lower discharge capacity in comparison to Powders A and C. At lower rates, Powders A and C showed similar performance; however at higher rates, the performance of Powder C was limited because of its larger particle size and broader particle size distribution. It is not clear why the discharge capacity of Powder B is lower, but it does suggest that a polymeric precursor is essential not only to provide good uniform carbon-coating but also in terms of ensuring good phase purity. As expected, conventional submicron Powder E showed poor rateperformance. On the other hand, state of the art Powder F showed good discharge capacity and rate performance; however above 3C, the discharge capacity was lower in comparison to Powder A. For example at 5C, Powder A and F showed discharge capacity of 138 and 133 mAh/g, respectively. Additionally, Powder A developed in this work showed higher tap density of 1.24 g/cm 3 , in spite of higher surface area, in comparison to 0.85 g/cm 3 of state of the art Powder F. Tap density is well correlated to the density that can be achieved in coated electrodes and nanostructured particles with carbon content negatively impact the tap density and the practical cell gravimetric and volumetric energy densities. 15 Therefore, the carbon-coated nanostructured LiFePO 4 powder with high tap density developed in this work is better suited for both power and energy applications.
Although the powder were handled and stored in ambient conditions, no evidence of air oxidation was observed for Powders A, B, C, and D in the electrochemical experiments, as described by Martin et al.
17
; i.e. the first charge capacity was found to be larger than the first discharge capacity in this study. On the other hand upon extended cycling, the discharge capacity of Powder C, with submicron sized particles, increases by 10-15% and cell impedances decrease (i.e., lower overpotentials are observed). This may be due either to changes in the particle sizes or improved wetting of the carbon coatings by the electrolytic solution (through, e.g., development of porosity In spite of the presence of an impurity Li 2 TiO 3 phase, the specific capacity achieved was 146 and 148 mAh/g at C/25 discharge and charge rates, respectively. The average operating potential shifts at higher rates due to associated overpotentials, which were much higher in magnitude for the discharge curve, suggesting that Li insertion is slower than lithium extraction. When keeping the discharge rate constant at C/25 and increasing the charge rate, the capacity retention was 93% (138 mAh/g) and 85% (125 mAh/g) of the C/25 charge capacity at 5C
and 10C, respectively. In contrast, keeping the charge rate constant and increasing the discharge rate results in a much lower discharge capacity retention of 48% (70 mAh/g) and 22% (32 mAh/g) of C/25 discharge capacity at 5C and 10C, respectively. To determine the effect of voltage limits and cycling history, one fresh cell was tested with a reduced voltage limits between 1.2-2.2 V and another fresh cell was cycled at different discharge rates de novo; however no difference was observed on the marked discrepancy between charge and discharge rate behavior.
In a recent study, lithiation and delithiation kinetics of Li 4 Ti 5 O 12 has been studied using single particle microvoltammograms and the difference explained based on a two phase (spinel and rock-salt) core-shell model. 18 It was suggested that the lithiation of 
